The 
THE PHOTO-DEMBER EFFECT
In strongly absorbing semiconductors, the photo-Dember effect [1] is a less common method to generate THz radiation after femtosecond pulsed excitation [2] [3] [4] . It arises when electron-hole pairs are generated with an intense spatial gradient. After optical excitation, an intense spatial carrier gradient is intrinsically generated perpendicular to the surface in highly absorbing semiconductor surfaces. Different diffusion constants of electrons and holes lead to the ultrafast build-up of a space charge field between the diffusing carrier distributions. Depending on the carrier gradient and the carrier densities after a short time the diffusion of electrons and holes are coupled by the space charge field giving rise to ambipolar diffusion [2] .
The origin of the THz radiation is the build-up of this space charge field (photo-Dember field). In the case of a highly absorbing semiconductor surface, the time-dependent dipole linked with the THz emission is oriented perpendicularly to the excited surface, i.e. parallel to the optically generated carrier gradient. This geometry limits the efficiency of photo-Dember based THz emitters, because even if the surface is excited under 45°, the fraction of the out coupled THz radiation is at most about ½ compared to a dipole which is oriented parallel to the surface [5] . Another limitation is the magnitude of the initial carrier gradient which is given by the intrinsic absorption coefficient of the semiconductor at the excitation wavelength.
SINGLE CARRIER GRADIENT PARALLEL TO THE SURFACE
Both limitations -the magnitude of the carrier gradient and the orientation of the dipole -can be passed by tailoring the excited carrier distribution spatially. Partially shadowing the excitation of a semiconductor surface leads to a carrier gradient parallel to the excited surface. The shadowing can be easily achieved by a metallic stripe deposited on a semiconductor surface as shown in Fig. 1 (here gold on In 0.53 Ga 0.47 As). The strong carrier gradient at the edge of a metalized stripe results in the indicated photo-Dember polarization P Dember parallel to the surface and is an efficient source of THz radiation [6] . The blue spheres in Fig. 1 indicate electrons, the red spheres holes and the green lobes the dipole radiation pattern. Fig. 2 (a) depicts two normalized THz transients recorded when the maximum intensity of the Gaussian shaped optical excitation spot with a full-width-half-maximum (FWHM) of 55 µm is located at the left or right metal edge. The average laser power was 500 mW. The steepness of the generated gradient is the maximum achievable, i.e. the carrier density drops within a few nm in the semiconductor, which is much stronger than that given by the intrinsic absorption coefficient of the material. The inset of Fig. 2 (a) shows the peak-topeak amplitude of the emitted THz electric field derived from many transients when translating the metal edge underneath the laser spot. The THz-TDS system used for all spatial scans and single measurements is a dual laser system based on highspeed asynchronous optical sampling [7] .
MULTIPLEXED PHOTO-DEMBER CURRENTS
We demonstrate that multiple optically excited carrier gradients sum up and increase the THz amplitude significantly. A simple array of metal stripes covered by the optical excitation would not lead to THz radiation in the far field, since destructive interference would occur due to the two directions of the gradients. Interdigitated emitters deal with the same problem, so every second gap between electrodes is shadowed to avoid optical excitation [8] . This gives rise to coherent superposition of THz radiation generated from unidirectional acceleration of charge carriers. We apply the same concept on the photo-Dember emitters, and avoid every second carrier gradient so that the resulting carrier gradients are unidirectional. This is achieved by varying the thickness of every metal mask stripe to control the absorbed light in the semiconductor as sketched in Fig. 3 . A wedged metal stripe generates a strong gradient at its thick edge, while a weak gradient is obtained at the thin edge, because more light transmits through the mask when the metal thickness gets into the few nm range.
A comparison between a state-of-the-art high efficiency large area photoconductive emitter based on interdigitated electrodes and a multiplexed photoDember emitter is shown in Fig. 2 (b) . The multiplexed photo-Dember emitter is made on an InGaAs substrate and has a size of 1x1 mm 2 . The experimental parameters are similar to the one used for the measurements shown in Fig. 2 (a) . Obviously, the multiplexed photo-Dember emitters are superior to the large area photoconductive emitters biased by an acceleration electric field of 10 kV/cm. Surprisingly the multiplexed photo-Dember emitters show a broader peak frequency than the large area photo-conductive emitters despite their passive nature.
CONCLUSION
In summary, we have demonstrated that the photo-Dember effect leads to intense THz radiation in forward direction, if a carrier gradient oriented parallel to the surface is generated. By multiplexing lateral photo-Dember currents we achieve THz electric fields of similar magnitude compared to highly efficient large area photoconductive emitters. This concept can be used with many different semiconductor substrates and different excitation wavelengths. The new emitter concept does not require an external bias voltage. Hence this emitter can easily be used e.g. in a cryostat without electric contacts.
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